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Abstract. Electron antineutrino interactions above the inverse beta decay energy of protons
(Eν¯e >1.8 MeV) were looked for with the Borexino Counting Test Facility (CTF). One candidate event sur-
vived after rejection of background, which included muon-induced neutrons and random coincidences. An
upper limit on the solar ν¯e flux, assumed having the
8B solar neutrino energy spectrum, of 1.1×105 cm−2 s−1
(90% C.L.) was set with a 7.8 ton × year exposure. This upper limit corresponds to a solar neutrino tran-
sition probability, νe → ν¯e, of 0.02 (90% C.L.). Predictions for antineutrino detection with Borexino,
including geoneutrinos, are discussed on the basis of background measurements performed with the CTF.
Key words. neutrino magnetic moment, neutrino interactions, solar neutrinos, geoneutrinos, liquid scin-
tillator detector
PACS. 1 3.15.+g,14.60.St,13.40.Em,96.60.Hv,96.60.qd,23.40.Bw
1 Introduction
We report the results of the search for ν¯e’s with the Count-
ing Test Facility (CTF) for the Borexino experiment [1,
2,3]. The CTF detector is located at the Gran Sasso un-
derground laboratory, far away from nuclear reactors, and
thanks to its very low radioactive contamination, can de-
tect antineutrinos from other sources with extremely low
a now at Stanford University
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backgrounds. Known electron antineutrino sources include:
(1) reactor ν¯e’s, with expected mean count in the CTF of
0.18 ev/y, and (2) ν¯e’s from the beta decays in chains
of long-lived, natural radioactive isotopes (especially 238U
and 232Th) distributed in the Earth interior (geoneutri-
nos). Evidence of the latter was recently claimed by the
KamLAND collaboration [4].
A small antineutrino flux from the Sun is currently not
completely excluded. One possible production mechanism
is neutrino-antineutrino conversion due to spin-flavour pre-
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cession (SFP), induced by a neutrino transition magnetic
moment and originally proposed as a possible solution to
the observed solar neutrino deficit [5,6,7,8]1. This could
be a sub-dominant process in addition to the MSW-LMA
solution of the solar neutrino problem2. The interest in
searching for a large neutrino magnetic moment was re-
cently revived, mainly because of the new experimental
data available from KamLAND and in view of forthcom-
ing low energy solar neutrino detectors such as Borexino.
A discussion of the constraints on the possible Majorana
neutrino transition magnetic moment from existing and
near future experiments can be found in [14,15,16,17,18].
In particular, it was shown that a randommagnetic field in
the convection zone of the Sun can enhance the rate of ν¯’s
through spin/flavour conversion [17]. Such enhancement
would improve the detectability of a neutrino magnetic
moment down to the level of 10−12µB. The CTF detec-
tor itself demonstrated a sensitivity to the solar neutrino
magnetic moment of 5.5× 10−10µB [19].
In this paper we mainly set a limit on the solar an-
tineutrino flux. We also discuss the sensitivity of CTF
to geoneutrinos, as well as the discovery potential of the
Borexino experiment.
2 Experimental Method and advantages of
CTF
The inverse-beta decay of protons
νe + p −→ e
+ + n, (1)
with a threshold of 1.806 MeV, is the dominant electron-
antineutrino interaction in liquid scintillator (LS) or wa-
ter. The cross section for this process is two orders of
magnitude higher than that for (ν¯e,e) elastic scattering.
In organic scintillators this reaction generates a prompt
signal from the positron and a delayed one, following the
neutron capture on protons
n+ p −→ d+ γ (2.22MeV ). (2)
The total energy released by the positron after annihila-
tion is E = T + 2mec
2, where T is the positron kinetic
energy. Neglecting the small neutron recoil, the visible en-
ergy can be written as Eν¯e − 0.78 MeV. The capture of
thermalized neutrons on protons with a mean life-time
of ∼ 200 ÷ 250 µs provides a tag for this reaction in a
LS detector, allowing significant reduction of background.
Neutron captures on 12C is also possible but with a much
smaller probability.
In existing water Cherenkov detectors the delayed 2.22
MeV γ is below the detection threshold and hence a positron
1 The model demands a non-vanishing neutrino magnetic
moment at the level of 10−12-10−11 µB . An alternative model
of antineutrino production in ν decays in schemes with spon-
taneous violation of lepton number was considered in [9,10,11,
12].
2 A discussion on the robustness of the MSW-LMA solution
is presented in [13].
from inverse-beta decay is indistinguishable from an elec-
tron or a γ, making such detectors significantly less sensi-
tive than LS detectors. In fact, the recent Super-Kamiokande
(22 kton water Cherenkov detector) limit for solar an-
tineutrino flux φν¯e < 1.32 × 10
4 cm2 s−1 in the energy
region 8 < Eν¯ < 20 MeV (90% C.L.) [20] was signif-
icantly improved by KamLAND (1 kton LS detector),
φν¯e < 3.7 × 10
2 cm2 s−1 [21] (90% C.L.) in the energy
region 8.3 ≤ Eν¯e ≤ 14.8 MeV. The current experimen-
tal constraints on the solar antineutrinos flux are listed
in Tab. 1. The best limit is obtained for energies above
8.3 MeV. The region below 4.0 MeV has not been ex-
plored. The CTF detector provides a unique possibility to
look for evidence of a solar antineutrino flux at low en-
ergy. The CTF can detect ν¯e’s at the inverse-beta decay
threshold with very little background from nuclear reac-
tors and from cosmogenic radioactivity (approximately 7
times lower than at Kamioka).
3 The CTF detector
CTF is an unsegmented liquid scintillator detector. Its
active volume, a large amount of liquid scintillator con-
tained in a transparent spherical nylon shell, 2 m diameter
and 0.5 mm thick, is immersed in 1000 m3 of high purity
shielding water. 100 PMTs, mounted on an open structure
immersed in the water, surround the nylon sphere and
detect the light from events in the scintillator. The wa-
ter, contained in a cylindrical tank (10 m diameter, 11 m
high), shields the scintillator against γ radiation emitted
by radioactive contaminants in the PMTs and their sup-
port structure as well as against γ’s following the capture
of neutrons generated within the walls of the experimen-
tal hall. Another 16 upward-looking PMTs of an active
muon veto system (MVS) are mounted on the bottom of
the tank. They detect the Cherenkov light of muons that
cross the water without intersecting the scintillator. The
muon-veto was tuned to maximize the muon tagging ef-
ficiency while minimizing the probability of scintillation
light pickup for sub MeV events (CTF was optimized to
study backgrounds in the [0.25,0.8] MeV energy range,
where Borexino will look for 7Be solar neutrino interac-
tions [3]). A more detailed description of the CTF detector
can be found in [1,2].
The CTF has been in operation since 1993. During the
1993-1995 campaign (CTF1), the detector was filled with
∼ 4 tons of pseudocumene (PC, 1,2,4-trimethylbenzene,
C6H3(CH3)3, ρ = 0.88 g/cm
3) to which PPO (2,5- Dipheny-
loxazole, C15H11NO) was added as a wavelength shifter
in low concentration (1.5 g/l). This run was focused on
studying backgrounds for the Borexino scintillator [1]. In
1999, CTF was run again (CTF2), this time with PXE (1-
Phenyl-1-xylylethane, C16H18, ρ = 0.995 g/cm
3) scintilla-
tor. It was upgraded to include an active muon-veto; also,
a second, 125 micron thick, nylon membrane was added
in the water space between the PMTs and the scintillator,
aiming to suppress Rn diffusion from the periphery to the
center of the detector [23]. These two additions turned
CTF into a sensitive detector in the field of rare events
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Table 1. Experimental constraints on the flux of solar ν¯e’s. φ
meas
ν¯e is the limit on the flux within the experimental energy range
(90% C.L.) φtotν¯e is the limit scaled to the total energy range. BP04 [25] gives a ν¯e’s flux from
8B equal to (5.79±1.33)×106
cm−2s−1. Here SK stands for SuperKamiokande and KL for KamLAND.
LSD SK KL SNO CTF
Exposure 0.094 92.2 0.28 0.584 0.0078
kt×yr
φmeas.ν¯e < 0.46×10
5 < 1.32×104 < 3.7×102 < 3.4×104 < 1.06×105
cm−2s−1
φtotν¯e < 1×10
5 < 4×104 < 1.3×103 < 5.2×104 < 1.08×105
cm−2s−1
φν¯e
φν¯e (
8B)
≤ 1.7×10−2 ≤ 0.7×10−2 ≤ 2.2×10−4 ≤ 1×10−2 ≤ 1.9×10−2
Eν¯e range [7,17] [8,20] [8.3,14.8] [4,14.8] [1.8,20]
MeV
Reference, [22] [20] [21] [24] this paper
year 1996 2003 2004 2004
physics, as proven by the results in [19,26,27,28,29,30,
31]. In 2002 a third campaign with PC+PPO liquid scin-
tillator began (CTF3); it is still in progress to finalize the
purification strategy for the Borexino scintillator.
The electronics of CTF are designed to record fast de-
layed coincidences without appreciable dead time. Time
and charge information of the PMT pulses of an event are
recorded by a set of ADCs and TDCs (group 1 chain). Dur-
ing the acquisition time, a second set of ADCs and TDCs
(group 2 chain) is sensitive to a possible other event oc-
curring within 8.3 ms. The coincidence time between the
two chains is measured by means of a long range TDC.
Subsequent events are ignored until the group 1 chain is
ready again. The group 1 trigger is fired when 6 PMT hits
occur within a 30 ns from each other. The corresponding
energy threshold is measured to be ∼20 keV at 50% de-
tection efficiency; 99% detection efficiency corresponds to
an energy threshold of 90 keV. The group 2 chain trigger
is set at ∼150 keV. To avoid retriggers due to PMT after-
pulses and cosmogenic short-lived isotopes, the group 2
chain is vetoed for 20 µs after each MVS trigger; this time
region is excluded from the analysis. The energy response
of the detector is calibrated run-by-run using the light
yield obtained by fitting the 14C energy spectrum: on av-
erage ∼3.8 photoelectrons (p.e.) per PMT are detected
for 1 MeV recoiling electron at a random position within
the detector volume. Electronics of each channel from the
PMT to the ADC is linear up to 20 p.e., which guaran-
tees a linear energy response for events below 4.5 MeV.
An independent chain of electronics with flash ADCs was
also used in CTF2 and CTF3 in order to increase the dy-
namic range of the detector. The shape of the total signal
of the detector (analog sum of all 100 PMTs channels) is
digitized by an 8 bit Transient Time Recorder (TTR) for
1 µs with 5 ns resolution.
In the present study we use CTF3 data collected dur-
ing 855.6 days of data taking (764.2 days of live-time)
to search for ν¯e’s interactions. Previous analyses [19,26,
30,31] selected events from only the innermost part of
the scintillator in order to improve the specific signal-to-
noise performance. Since inverse-beta decay has an eas-
ily recognizable signature (the coincidence between the
positron and the delayed γ-ray following neutron capture),
the whole detector volume has been used for this study;
this resulted in no noticeable random background.
4 Data selection and backgrounds
Candidate events were searched among all correlated (in
space and time) events occurring within 2 ms one after
another, excluding coincidence times smaller than 20 µs.
The energy of the prompt event was set to be 0.85 MeV<
E <20 MeV. The lower limit is defined by the thresh-
old of the inverse-beta decay reaction (visible energy of
1.02 MeV) taking into account the finite energy resolu-
tion of the detector, σ(E)(MeV)∼ 0.1
√
E/1MeV . The
energy of the second event was required to be 1.1 MeV<
E <2.6 MeV for detecting the 2.2 MeV γ-ray with high ef-
ficiency and avoiding the delayed 214Bi-214Po coincidences.
The energy calibration of the first group of the electron-
ics was performed using 14C events and checked at higher
energies using the first event of the delayed 214Bi-214Po
coincidences (originating from 222Rn in the LS); 214Bi β
decays with Q value of 3.2 MeV. The energy and spatial
resolution of the CTF3 detector are very close to those of
CTF1 [1,32]. The energy calibration of the second group
of the electronics was checked using the 2.22 gamma-ray
from neutron capture on protons, which is a prominent
feature of the group 2 energy spectrum (see Fig. 1). Co-
incidence times between the first and second events are
shown in Fig. 2. The measured life-time of 236 µs lies,
not surprisingly, between the simulated values for neu-
tron capture in water (220 µs) and PC (250 µs); indeed, a
fraction of the detected captures happen in the shielding
water.
The position resolution of the detector can be mea-
sured using delayed coincidences, and is ∼10 cm (1σ) for
214Bi-214Po events. In the case of muon tracks, the re-
construction code gives a point-like weighted position of
the event, which often falls outside the detector’s active
volume. Such feature is a useful tool for muon event dis-
crimination. The reconstructed distance, dR, between the
first and second event of 214Bi-214Po coincidences and of
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Fig. 1. Energy spectrum registered by the second group of
the electronics for neutron capture candidates (in coincidence
with muon-tagged events in the first group). The full absorp-
tion peak of 2.22 MeV gamma’s emitted in the muon-induced
neutron capture on proton is clearly seen at ∼ 2.2 MeV (the
scale is calibrated with electrons, the position of the gamma is
shifted toward lower energies due to the ionization quenching
effect).
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Fig. 2. Coincidence time between muon and 2.22 MeV gamma
produced in neutron capture on proton. The fit has been per-
formed using an exponential plus a constant function.
muon-induced neutron events is shown in Fig.3. In the
latter case, muons that ”skim” the scintillator volume can
generate a prompt signal falling in the group 1 energy
cut and produce a neutron which is then captured, giving
rise to a coincidence event. A cut on the distance between
the two events in coincidence of dR <0.7 m, optimized
using simulated events, was chosen for the antineutrino
event selection; this cut preserves 80% of the sought for
antineutrino induced scintillation events.
In the present analysis, we use the MVS tag only for
events with E<2.0 MeV, where the probability of scintil-
lation event tagging as a muon is less than 1%. In order
to minimize the probability of discarding good candidate
prompt events above 2 MeV by mistakenly tagging them
as muons (using the MVS triggered by the large scintil-
lation light produced), the muon identification was per-
formed using specific features of muon and scintillation
events in the energy interval 2.0-6.0 MeV. The following
three criteria were used for scintillation/muon events dis-
crimination:
1. ratio of the charge measured by the ADCs of
the main system to the charge measured by
TTR, r = QADC/QTTR. The main trigger (i.e. that of
the 100 PMTs looking at the scintillator) is activated
either when 6 photomultipliers fire within a 30 ns win-
dow (the threshold for each PMT is set at the level
of 0.2 p.e.) or when 4 photomultipliers of the MVS
are above threshold (set at 1.5 p.e.). The timing of
the main system ADCs gate (with 100 PMTs) hence
depends on where the event is (water or scintillator):
Cherenkov photons precede scintillation pulses by 3-4
ns. For muon-induced events the gate of the ADCs ar-
rives with a few nanoseconds delay and thus part of the
signal is not integrated. The ratio of the total charge,
QADC , measured with the ADCs of the main system
to the total charge estimated integrating the TTR sig-
nal, QTTR, provides a good tag for muon/scintillation
events discrimination in 2.0 MeV - 6.0 MeV energy
window. Fig. 4 and Fig. 5 illustrate the efficiency of
the method. Above 6.0 MeV, the ADCs of the main
system saturate and this method is not directly appli-
cable.
2. mean arrival time of light registered by the sys-
tem of 100 PMTs, t. For the scintillation events the
mean time t is lower than for the muon induced events
(see Fig.6), as explained in [1]. We used t <12 ns as
the scintillation acceptance criteria. This cut preserves
the maximum number of scintillation events (99.8% at
E>2 MeV) and rejects about 95% of muons.
3. the amount of light seen by the MVS, Qµ. Fig.
7 illustrates the discrimination procedure. The scintil-
lation light pickup for the MVS system is 2 p.e. for 1
MeV energy deposit in the active detector. In the en-
ergy range 2.0-6.0 MeV, Qµ <30 p.e. has been used as
scintillation acceptance criteria; at higher energies the
upper limit has been set at Qµ <100 p.e. (which al-
lows to separate a 20 MeV energy deposit in the main
detector seen by the MVS at the level of 5σ).
The analysis of the candidate events energy based on the
calibration with QTTR (instead of QADC used at sub-MeV
energies) showed that the reconstructed energy of all but
one event falls out of the window of interest for the so-
lar antineutrino analysis (0.85-20 MeV). The details are
presented in Tab. 2.
Physical background signals for the antineutrino anal-
ysis are coming mainly from reactors ν¯e’s. We have esti-
mated this background source considering 42 nuclear reac-
tors in Europe [33] and using the best fit estimation for the
oscillation parameters [34] and ν¯e’s spectra from [35]. The
contribution of the geoneutrinos is negligible (see Section
6).
Other sources of background are listed below in the
order of their relative importance.
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Table 2. Candidates selection. The initial selection was performed on E2 and dT (1.1< E2 <2.6 MeV; 20 µs< dT <2 ms). The
MVS hardware tag was not used at E1 > 2 MeV.
Cut Candidate events in corresponding E1 (MeV) range Total
0.85 < E1 < 2.0 2.0 < E1 < 6.0 6.0 < E1
Total 27 130 956 1113
dR < 70 cm 2 46 195 243
MVS tag 2 0 0 2
QADC/QTTR >0.9 – 5 – –
Qµ < Qlim 6 (Qlim=30) 6 (Qlim=30) 62 (Qlim=100) 74
t < 12 ns 4 39 146 189
all cuts 0 1 5 6
ERec1 < 20 MeV 0 1 0 1
dR, m
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Fig. 3. Reconstructed distance between the first and the
second event for the 214Bi-214Po coincidence events and for
muon-induced neutron events. In the last case the recon-
structed distance cannot be assigned to a real distance and
should be treated as a convenient parameter for the muon in-
duced/scintillation events discrimination.
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Fig. 4. Efficiency of the muon/scintillation events dis-
crimination in 2 MeV - 6.0 MeV energy window using
r =QADC/QTTR. Scintillation events are integrated by the
ADC and TTR in the same way, providing r greater than 0.9,
while for muon events the fraction of charge collected by ADC
is less than that integrated with TTR.
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(at E>2 MeV). One can see that the r value for the scintilla-
tion events from 214Bi-214Po coincidences are around r = 1.0
independently of the Muon Veto System trigger, while for the
muon events, followed by correlated neutron, the mean value
of r is much lower.
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Fig. 7. Charge collected on the MVS for events identified as
muons and scintillation ones, respectively (2.0-6.0 MeV energy
window). The scintillation light pickup at the MVS is at the
level of 2 p.e. for 1 MeV energy deposit in the active detector
and can be modeled with a Poisson-like distribution (shown
with a thick line).
(1) neutrons produced by cosmic muons. The
residual cosmic muon flux at the Gran Sasso depth (3800
mwe) has a rate of 1.2 count/m2/h and an average en-
ergy of E = 320 GeV [36]. Cosmic muons are identified
with high efficiency by the muon tagging described above
if they pass through the detector. On the contrary, neu-
trons produced by muons outside the detector can produce
a fake event for the antineutrino search. In particular, a
high energy neutron produced in the surrounding rocks
may enter the detector and scatter off a proton (or ex-
cite low-lying levels of 12C). In this case the proton (or
gamma quantum) gives the prompt signal and the recoiled
neutron, once thermalized and captured, produces the de-
layed event. There is no special tag for these events, the
probability of this background was evaluated by Monte
Carlo method using the FLUKA code [37,38]. We have
not considered neutrons produced by spontaneous fissions
or (α,n) reactions in the rocks of the undeground labo-
ratory since they constitute a smaller flux at E>10 MeV
than that of neutrons induced by muons. This can be eas-
ily seen by comparing the flux determined by using the
neutron yield per muon [39] against the predicted flux in-
duced by radioactivity [40].
(2) accidental coincidences. Their probability was
estimated using selected events falling in an off-time de-
layed window, 2-8 ms, after the prompt event. The same
energy cuts as in the antineutrino analysis were applied
to select random coincidences events.
(3) cosmogenic radioactivity. In organic scintillator
a possible residual cosmogenic background may originate
from muons crossing the scintillator. As discussed in [41]
a certain number of radioactive isotopes can be produced
on 12C nuclei in the CTF scintillator. Among the possible
isotopes contributing to backgrounds 8He and 9Li are of
particular interest for the search of antineutrinos: 8He can
decay in β−n with t1/2 = 0.12 s (Q=10.7 MeV, 16%); the
Table 3. Estimated backgrounds and systematic uncertainties
for 764.2 days of CTF livetime, equivalent to 7.8 ton × year
exposure (62% efficiency taken into account).
Background Expected events
accidental coincidences 0.08
reactor antineutrinos 0.37
fast n,p scattering 0.8± 0.3
fast n on 12C (4.4 MeV) 0.07± 0.03
Systematic uncertainties %
efficiency, ǫ 2
number of protons, Np 3.4
Energy threshold < 2
Livetime 2
9Li can decay in β−n2α with t1/2 = 0.18 s (Q=13.6 MeV,
45.5%).We have searched for such events after each tagged
muon. In particular, in order to reduce this background
we have checked the arrival time of the muon preceding
every candidate event. Muons crossing the LS produce a
very large signal in CTF and can be easily discriminated.
A 2 s time window after such events was excluded from
the analysis. The cosmogenic background is thus reduced
to 10−4 events for all the period of the data taking.
(4) 13C. As it has been discussed in [4] a high contam-
ination of 210Po in the LS can be a source of fake events in
ν¯e’s searches. In fact, the α decay of
210Po can induce the
reaction 13C(α,n)16O which produces a neutron. This se-
quence is a source of a correlated background because the
produced neutron can first scatter off a proton which gives
a prompt signal and, later be captured; another possibility
is that the prompt is produced by the de-excitation of 12C
after 12C(n,nγ)12C (Eγ=4.4 MeV) or the de-excitation of
16O. In KamLAND [4,42] the background induced by 13C
is estimated to be 42±11 events with a measured activity
of 210Po on the order of 22 Bq and an exposure of 5×1031
protons×year. In the CTF the 210Po activity is measured
to be ∼20 µBq/ton (∼ 103 times lower than that of Kam-
LAND) and this background is therefore negligible (1 ton
of CTF3 scintillator contains ∼ 6× 1028 protons).
A summary of the background and systematic uncer-
tainties of the 7.8 ton×yr exposure for the search of ν¯e’s
from the Sun is reported in Tab. 3.
5 Analysis
In the Monte Carlo simulation of the detector efficiency
events were generated in accordance with the 8B solar neu-
trino spectrum inside the inner vessel and in an adjacent
water layer of 50 cm. The gamma and electron/positron
showers were followed using the EGS-4 code [43]. Neutron
diffusion was also taken into account. The detector en-
ergy and spatial resolution was calibrated with radioactive
sources and modeled via MC method. The total detection
efficiency found after applying all cuts described above is
62±2% (see Tab. 4 for the details).
As noted before (see Section 4) only one candidate
event was found. The event’s characteristics are reported
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Table 4. Individual cut efficiencies (only scintillation events acceptance efficiencies are shown). All cuts were tuned to have
maximum acceptance efficiency for the scintillation events.
Cut Scintillation event
acceptance efficiency
dR < 70 cm (CTF detector, MC, including n/γ escape) 79±1
(dR < 70 cm in an infinite media, MC) (99.8)
20 µs< dT <2 ms 92.5±0.1
0.85 MeV<E1 <20 MeV 99.2±0.2
1.1 MeV<E2 <2.6 MeV 88±1
muons discrimination in E<2 MeV (MVS) >98
muons discrimination in 2<E<6.0 MeV (r>0.9 and Qµ <30) >99
muons discrimination in 6.0 < E < 20 MeV ( Qµ < 100 and t < 12 ns) > 99
total 62±2
in Tab. 5, where QADC/QTTR is the muons discrimina-
tion variable described above, dt is the coincidence time,
R is the reconstructed event vertex position, dR is the
reconstructed distance between the prompt and delayed
events, tµ is the time passed from the moment of register-
ing the previous muon (used to discriminate background
from the short-living cosmogenic isotopes), t is the mean
arrival time of the signals detected by PMTs and, Qµ is
the charge collected by ADCs of the MVS. The candidate
event was tagged by the hardware muon-veto. This fact
could be due to the scintillation light pickup by the muon-
veto in the case of scintillation event, as well as due to the
Cherenkov light produced by a muon. According to the
analysis criteria presented above, this event has all the
characteristics of a scintillation event.
We note that the prompt energy of the candidate event
is 4.37 MeV, which coincides, within experimental errors,
with the energy of the first excited level of 12C of 4.4 MeV.
This, together with the fact that the muon veto was trig-
gered, could be due to the excitation of the first 12C
level by a fast neutron produced by a muon passing out-
side the detector, near the water tank inner wall. In to-
tal we observed 20 events of 4.4±0.6 MeV energy in co-
incidence with a 2.22 MeV neutron capture gamma (1.8
MeV<E<2.6 MeV), all but one (the antineutrino candi-
date) identified as muons during the analysis and tagged
by the MVS. The probability of this type of events for
muons passing close to the detector walls (i.e. escaping
identification by the muon veto system and by the ”muon
cuts”) was estimated by MC method, and found to be at
the level of fraction of an event for the time period of inter-
est (see Tab. 3). Although we cannot completely exclude
that the selected event was caused by a passing muon, it
will be treated as an antineutrino candidate event in the
following analysis of the antineutrino flux limits.
The hypothetical flux of ν¯e’s from
8B, assuming no
spectral distortion, can be obtained from the following
equation:
φν¯e =
Nν¯e
Np × t× ǫ × 〈σ〉
, (3)
where Nν¯e is the number of detected events, Np = 2.25×
1029 is the number of target protons, t = 6.60 × 107 s
is the live-time, ǫ=62% is the mean detection efficiency,
and 〈σ〉 = 3.4× 10−42 cm2 is the cross-section folded over
the 8B spectrum in the energy range of interest. An up-
per limit for the electron antineutrino flux, assuming no
distortion in the 8B spectrum, is derived below in light of
the observed one candidate event. A Bayesian approach
was used with a constant prior and a likelihood function
defined as:
L(s, b, σb, ση, n) =
∫
db′
∫
dηPois(η·s+b′, n)×Gaus(b−b′, σb)
×Gaus(1− η, ση), (4)
where Pois(η ·s+b, n) is a Poisson distribution with mean
value equal to η · s+ b, (s is the expected signal and b is
the background with uncertainty σb), and n is the number
of observed events (n = 1 in this case); ση is the total
systematic uncertainty and Gaus(x0−x, σx) is a Gaussian
with mean value x0 and standard deviation equal to σx.
An upper limit for the solar ν¯e flux of φν¯e < 1.1 ×
105 cm−2 s−1 is obtained from Eq.(3) using data from
Tab. 3 (for 1 candidate and 1.3±0.7 background events we
expect 3.3 coincidences at 90% C.L.). Using the BP04 [25]
standard 8B flux for solar neutrinos we derive an upper
limit for the ratio of the antineutrino to neutrino fluxes of
φν¯e/φ8B < 1.9× 10
−2 at 90% C.L.
CTF owes its sensitivity to both the excellent radiop-
urity and low reactor antineutrino background. Borexino
can open an interesting opportunity in searching for elec-
tron antineutrinos from the Sun. The expected sensitivity
is φν¯e/φ8B ∼ 1×10
−5 in 5 years. Such search is impor-
tant for looking for a neutrino magnetic moment and for
studying the magnetic field inside the Sun [44].
6 Antineutrinos from the Earth. Estimation
of the Borexino discovery potential based on
the CTF results
In this section we discuss some features of a future mea-
surement in Borexino of antineutrinos generated in the
Earth interior, on the basis of the data presented above.
It is believed that about 40% or more of the heat radiated
by the Earth has radiogenic origin [45,46,47,48,49,50].
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Table 5. Main features of the candidate event. The prompt event was tagged by the hardware muon veto but the amount of
detected light was just at the muon veto system trigger level. Both prompt and delayed events are reconstructed close to the
detector center (with a weighted position of about 40 cm away from it). See text for further details.
E QADC/QTTR dR dt, µs R tµ Qµ t
MeV cm µs cm s ns
prompt 4.37 ± 0.44 1.04 – – 30 7.0 3.7
delayed 2.23 ± 0.13 – – – 56 – 5.4
28 207 42 46.9
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Fig. 8. The geoneutrino spectrum from the U, Th and K. Only
antineutrinos from the U and Th decay chains have energies
above the inverse-beta decay reaction threshold (1.8 MeV).
The heat generated by radioactive decays of 238U, 232Th,
their daughters and of 40K in the Earth is estimated at
∼30 TW using a model based on the studies of composi-
tion of chondritic meteorites; a value of ∼20 TW is pre-
dicted by the so-called Bulk Silicate Earth model [49,51].
The heat produced by all the decays in the 238U chain is
9.5×10−5 W/kg, while 2.6×10−5 W/kg are generated by
the decays in the 232Th chain. Six and four antineutrinos
are emitted per full U and Th decay chain, respectively;
the specific antineutrino intensity is 7.46×107 Bq/kg for U
and 1.62×107 Bq/kg for Th. Current estimations of 238U
abundancy (0.4×1017 kg) suggest that the crust alone
should radiate ∼3×1024 ν¯e from this source, correspond-
ing to a flux of ∼ 106 cm−2s−1. The geoneutrino flux is
possibly of the same order of that of 8B solar neutrinos. By
detecting antineutrinos from the Earth’s interior, we can
measure the U, Th, and K abundances in the Earth and
their radiogenic contribution to the heat flux. Fig. 8 shows
the antineutrino spectra from the U, Th, their daughters,
and K. Only antineutrinos in the U and Th chains have
energies above 1.8 MeV, therefore being detectable by in-
verse beta decay on protons.
The KamLAND collaboration has recently presented
first evidence of geoneutrino observation [4]. The two main
background sources for such measurement were antineu-
trinos from reactors and coincidence events from (α, n)
reactions on 13C originating from 210Po contamination in
the LS (see Section 4).
Table 6. Estimated background and systematics used in
geoneutrino analysis.
Backgrounds Expected events
accidental coincidences 0.01
reactor antineutrinos 0.11
fast n,p scattering 0.7± 0.3
Systematic uncertainties %
efficiency, ǫ 2
number of protons, Np 3.4
〈Pee〉 0.8
ρ 16
Energy threshold < 2
Livetime 2
The potential of Borexino for geoneutrino detection
was estimated using the CTF3 data. CTF itself is too
small to search for geoneutrinos. The analysis presented
above gives nevertheless useful information on the sen-
sitivity potential for Borexino. As stated above, the low
210Po contamination makes the 13C-induced background
in CTF negligible while the expected background due to
ν¯e’s from nuclear reactors is ∼ 0.01 events/(ton×yr) in the
1.8-3.3 MeV ν¯e energy window. CTF can then set an up-
per limit for the geoneutrino flux. No candidate event was
observed in the 1.8 -3.3 MeV scintillation energy range for
a 7.8 ton×yr exposure. The ratio between the Th and U
geoneutrino fluxes can be written:
Φ(Th)
Φ(U)
=
A(Th)
A(U)
a(Th)
a(U)
= 0.83± 0.12 (5)
where A(Th) and A(U) are the U and Th ν¯e specific ac-
tivities, and a(Th) and a(U) are the corresponding con-
centrations. Eq. (5) uses the value a(Th)/a(U) = 3.8±0.5
from [48] and allows one to express the number of expected
geoneutrino events as:
Φ(U) =
Ngeo
ǫ×Np × t× 〈Pee〉 × (1 + ρ)× 〈σU 〉
(6)
where 〈Pee〉 = 0.592 ± 0.005, 〈σU 〉 = 4.24 × 10
−45 cm2,
ρ = Φ(Th)〈σTh〉Φ(U)〈σU 〉 = 0.27± 0.04 (with 〈σTh〉 = 1.30× 10
−45
cm2) and ε, Np, t are the detection efficiency, the number
of target protons, and the exposure time, respectively.
Using the uncertainties reported in Tab. 6, 5.2 coinci-
dences for zero candidate events have been found for 99%
C.L.
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Fig. 9. The expected signal due to geoneutrinos and reactor
antineutrinos in Borexino. The simulated spectrum is normal-
ized to the expected event rate.
This corresponds to an upper bound on the Uranium
antineutrino flux, Φ(U), of 1.8×108 cm−2s−1. KamLAND’s
current upper limit is 1×107 (99% C.L.) for Φ(U), only 20
times better with an exposure approximately 150 times
greater. The CTF result shows how important the purity
of the LS and a low reactor background are for the de-
tection of geoneutrinos. Borexino is expected to have even
lower radioactive contamination than CTF and the same
specific background from reactors. Fig. 9 shows the ex-
pected signal from geoneutrinos and reactor antineutrinos
in Borexino for a LS target mass of 300 tons in one year of
data taking (80% detection efficiency). In the 1.0-2.6 MeV
energy range 5.7 events from reactor antineutrinos and
6.3 from geoneutrinos are expected, assuming reference
fluxes from [45] with corrections for the Gran Sasso labo-
ratory geographic position [52]: Φ(U)=4.31×106 cm−2s−1
and Φ(Th)=3.81×106 cm−2s−1. If S and B are the signal
and the background rates in units of 1/(yr×300 tons), T is
the data taking time in unit of years, and r = B/S is the
background-to-signal ratio, the relative statistical error on
the signal is:
δS ≡
∆S
S
=
√
1 + 2r
ST
(7)
From Eq. (7) we determine that δS ∼ 0.24 in five years.
The target mass limits the detection sensitivity if the anal-
ysis is based only on rates. In a real experiment one can
perform a maximum likelihood analysis of the ν¯e energy
spectrum. As shown in Fig. 9, the geoneutrino spectrum
is clearly visible over the reactor background thanks to its
distinguishing features. Both U and Th contribute to the
first peak around 1.4 MeV in Fig. 9, while only ν¯e from
the U chain contribute to the shoulder at 2.2 MeV. The
U and Th contributions can thus be identified and better
sensitivities reached.
7 Conclusions
The sensitivity of a high-purity liquid scintillator detector
located at the Gran Sasso Underground Laboratory to
electron antineutrinos has been investigated. The Borex-
ino prototype detector (CTF) was able to reach a good
sensitivity in spite of its small size compared to other liq-
uid scintillator or Cherenkov detectors, and set a limit for
the ratio of antineutrino to neutrino fluxes from the Sun
of φν¯e/φ8B < 1.9 × 10
−2 (90% C.L.) for Eν¯ > 1.8 MeV.
The sensitivity of CTF is the result of its very high pu-
rity from radioactive contamination combined with low
reactor antineutrino background at the experimental site.
The CTF data also show that Borexino can search for
electron antineutrinos from the Sun and from the Earth
interior with very competitive sensitivity. In particular,
the expected sensitivity to a possible solar ν¯e flux is at
the level of φν¯e/φ8B ∼ 10
−5, which is of interest for both
looking for a neutrino magnetic moment and for studying
the magnetic field inside the Sun.
We would like to thank F.Mantovani and A.Palazzo for useful
discussions during the preparation of the paper.
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